ABSTRACT:
Fluoride exposure is widespread, with drinking water commonly containing natural and artificially added sources of the ion. Ingested fluoride undergoes absorption across the gastric and intestinal epithelia. Previous studies have reported adverse gastrointestinal effects with high levels of fluoride exposure. Here, we examined the effects of fluoride on the transepithelial ion transport and resistance of three intestinal epithelia. We used the Caco-2 cell line as a model of human intestinal epithelium, and rat and mouse colonic epithelia for purposes of comparison. Fluoride caused a concentration-dependent decline in forskolin-induced Cl -secretion and transepithelial resistance of Caco-2 cell monolayers, with an IC 50 for fluoride of about 3 mM for both parameters. In the presence of 5 mM fluoride, transepithelial resistance fell exponentially with time, with a t 1/2 of about 7 h.
Subsequent imaging by immunofluorescence and scanning electron microscopy showed structural abnormalities in Caco-2 cell monolayers exposed to fluoride. The Young's modulus of the epithelium was not affected by fluoride, although proteomic analysis revealed changes in expression of a number of proteins, particularly those involved in cell-cell adhesion. In line with its effects on Caco-2 cell monolayers, fluoride, at 5 mM, also had
INTRODUCTION
Fluoride exposure is common worldwide. The anion occurs naturally and is also commonly added to drinking water, with current World Health Organization guidelines (2006) recommending levels of 1.5 mg/L. Dental caries is a significant healthcare problem, occurring in 46% of 15 year-olds in the UK, for example (Murray et al., 2015) , and fluoride is widely known for its beneficial effects in combating this condition (Parnell et al., 2009 ).
Inadequate levels of exposure to fluoride (<0.5 mg/L in drinking water) can result in increased predisposition to caries, while excessive intake is associated with dental, and at higher levels, skeletal, fluorosis (McDonagh et al., 2000) . Although, water is often the predominant source of intake, dental hygiene products, food and teas can also contribute to fluoride ingestion (Fawell et al., 2006) . Importantly, levels of fluoride exposure are inconsistent worldwide, with many countries such as India and China reporting endemic fluorosis (Jolly et al., 1969; Lyth, 1946) as a result of naturally elevated levels in drinking water.
Ingested fluoride undergoes rapid gastric absorption in a pH-dependent manner, as a result of the high lipid solubility of hydrogen fluoride (Gutknecht and Walter, 1981) , and increasing acidity increases the rate of uptake (Whitford and Pashley, 1984) . Other factors, such as recent food consumption or dietary calcium consumption, can limit fluoride absorption (Whitford, 1994) . The remaining fluoride is mostly absorbed in the small intestine (Nopakun et al., 1989) , with a rate independent of pH (Buzalaf and Whitford, 2011) .
Gastrointestinal toxicity has been observed with fluoride, and gastrointestinal symptoms have been reported in cases of skeletal fluorosis (Dasarathy et al., 1996) . Chronic ingestion of fluoride has also been correlated with histologically observable damage to the gastric epithelium (Das et al., 1994) . These studies, although small-scale, indicate that further study of the potential adverse effects of fluoride on the gastrointestinal tract is warranted.
The intestinal epithelium is highly specialized, with distinct apical and basolateral transporters, and this functional polarization facilitates a broad range of absorptive and secretory functions (Cuthbert et al., 1999) . Na + acts as the lead ion for absorption, with the Na + /K + -ATPase producing an inward electrochemical gradient for Na + . This gradient enables diffusion of Na + into the cell through epithelial Na + channels, which is accompanied by Cl -and water movement. The Na-K-Cl co-transporter (NKCC1) moves Cl -ions into the cell via secondary active transport, coupled with Na + and K + . K + then passes through basolateral K + channels, which hyperpolarizes the cell, thereby increasing the driving force for Cl -exit. Cl -secretion through apical Ca
2+
-activated chloride channels and the cystic fibrosis transmembrane conductance regulator (CFTR) is accompanied by Na + and water (Barrett and Keely, 2000) . Elevations of intracellular cAMP promote secretory mechanisms by actions on CFTR, NKCC1 and the basolateral KvLQT1 K + channel (Cuthbert et al., 1999) .
Tight junctions between gastrointestinal epithelial cells form a continuous barrier
between apical and basolateral cell surfaces, and control transport via the paracellular pathway (Balda et al., 1992) . Tight junctions determine the integrity and core physiological properties of epithelia, such as the nature of molecules and ions that can diffuse across. Their regulation allows these epithelial properties to undergo dynamic changes (Matter and Balda, 2003) . Tight junction complexes are composed of three key components: integral proteins, such as zona occludens-1 (ZO-1), that traverse the intercellular space, plaque proteins that join the integral proteins to the cytoskeleton, and a diverse range of multifunctional nuclear/cytosolic proteins (Schneeberger and Lynch, 2004) . The 'tightness' or permeability of these junctions to ions is often measured via transepithelial resistance (R t ). As a result of the need for extensive absorption and secretion, the gastrointestinal tract has a relatively low R t , with the exception of the terminal colonic regions (Anderson and Van Itallie, 2009 ).
The concentrations of fluoride required to produce toxic effects on the gastrointestinal tract, and importantly whether such concentrations are reached in vivo, are unclear. Here, we studied the effects of fluoride on the structure, function, and proteome of a model colonic epithelial cell line, the human Caco-2 cell line, and also on transepithelial ion transport in rat and mouse colonic epithelia. We observed profound structural and functional effects of fluoride; however, these effects were produced at fluoride concentrations that are unlikely to be encountered in vivo.
MATERIALS AND METHODS

Cell Culture
Caco-2 cells were cultured in Dulbecco's Modified Eagle's Medium (Life Technologies), containing 10% fetal bovine serum, 1% penicillin and 1% streptomycin at 37°C in an atmosphere of 5% CO 2 /95% air. For polarized monolayer formation, cells were seeded into Snapwell™ inserts (Corning), which contained a 12-mm diameter polycarbonate membrane with 0.4-µm diameter pores. Inserts were placed in 6-well plates with 1.5 mL and 4 mL of medium on the apical and basolateral sides of the monolayers, respectively. Cells were cultured for 14-16 days to allow the formation of a tight, polarized epithelium. Note that although the Caco-2 cell line was originally derived from a human colon adenocarcinoma, the characteristics of the cells in culture depend heavily on culture conditions and are often more similar to those of small intestinal enterocytes (Sambuy et al., 2005) . For this reason, we regard the Caco-2 cell monolayers as a model of a human intestinal epithelium in general, rather than of a colonic epithelium in particular.
Preparation of Rat and Mouse Colonic Epithelia
Wild type rats and mice of mixed weight, age and sex were used to provide sections of colonic tissue. Following cervical dislocation, the peritoneum was dissected away; the colon was removed and the tissue was maintained in aerated (5% CO 2 /95% O 2 ) Krebs-Henseleit solution (117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 24.8 mM NaHCO 3 , 11.1 mM glucose, pH 7.4). The section of colon below the caecum was divided into three or four 1.5-cm segments, which were incised along the mesenteric line.
The serosa and muscularis mucosae were then removed using watchmaker's forceps.
Measurement of Transepithelial Ion Transport and Resistance
Voltage clamps (DVC-1000 Epithelial Voltage/Current Clamp, World Precision Instruments)
were calibrated before each experiment (Input/Offset and Fluid RES compensation set to 0.0).
Snapwell™ inserts with confluent Caco-2 cell monolayers were transferred to Ussing chambers (Ussing and Zerahn, 1951 ) with a 1.13 cm 2 aperture (World Precision Instruments).
For colonic epithelia, the aperture was 0.2 cm 2 . The monolayers or epithelia were bathed on both apical and basolateral sides with 20 mL of Krebs-Henseleit solution at 37°C, and continuously aerated with 5% CO 2 /95% O 2 . Chambers were left for 10-30 min to equilibrate once voltage clamping had begun. PowerLab 2/25 software (ADInstruments) was used to record the short-circuit current (I sc ) across the epithelium, with one data point per second plotted on continuous axes of I sc versus time. All traces were recorded using PowerLab hardware with LabChart software, and data were analysed using Microsoft Excel software.
Transepithelial resistance (R t ) was measured via changes in I sc during 5-s pulses to a 2-mV transepithelial voltage every 30 s, according to Ohm's law, (R t =V/I). 3-isobutyl-1-methylxanthine (IBMX; Sigma), amiloride (Sigma) and furosemide (Sigma) were dissolved in water, while forskolin (Calbiochem) was dissolved in 95% ethanol. Drugs were diluted to appropriate final concentrations in Krebs-Henseleit solution.
Data Analysis
All traces were viewed on a LabChart Reader, and data were recorded in a Microsoft Excel 2013 spreadsheet for further analysis. For all data, mean and standard error of the mean (SEM) were calculated.
Concentration-response curves for the effects of fluoride or forskolin on ΔI sc and for the effect of fluoride on R t were plotted in Excel 2013. Data were fitted to the following 4-parameter logistic equation using the maximum likelihood approach:
Tukey's post-hoc tests were used to determine how means changed during each protocol.
Significance was taken at P<0.05.
Scanning Electron Microscopy
Cell monolayers on polycarbonate membranes (excised from Snapwell™ inserts) and supported on coverslips were quench-frozen by plunging, cell face first, into melting propane cooled in liquid nitrogen. Monolayers were freeze-dried in a modified Edwards 306 Auto 306 carbon coating unit (Warley and Skepper, 2000) . After drying, the cells were coated with carbon and attached to scanning electron microscopy stubs with colloidal silver. The cells were coated with 10 nm of gold in a Quorum/Emitech K575X sputter coater and viewed in an FEL-Philips XL30 FEGSEM at 5 kV.
Immunofluorescence
Cell monolayers were fixed in 4% paraformaldehyde in phosphate-buffered saline, and permeabilized by treatment with 0.05% saponin in the same buffer containing 0.2% gelatin.
Monolayers were incubated in permeabilization buffer containing rat monoclonal anti-zona occludens-1 (ZO-1) monoclonal antibody (eBioscience), followed by fluorescein isothiocyanate-conjugated rabbit anti-rat secondary antibody (Sigma). The cells were then subjected to fluorescence microscopy.
Measurement of Young's Modulus
The stiffness of living Caco-2 epithelial cell monolayers, as represented by their Young's modulus, was determined using an atomic force microscopy (AFM) nano-indentation technique (Heinz and Hoh, 1999; Kasas and Dietler, 2008) . The Young's modulus was calculated via the force that had to be exerted to indent the cell membrane by a fixed distance.
Measurements were conducted at room temperature using a scanning probe microscope (BioScope ® I SPM, Bruker) integrated into an inverted microscope (Axiovert 135, Zeiss).
Cell monolayers growing in 6-well culture plates were washed with 4-(2-hydroxyethyl)- 
Proteomic Analysis of Caco-2 Cells
Caco-2 cell monolayers were either untreated (control) or exposed to 5 mM fluoride (as NaF)
for 24 h. Experiments were conducted in quintuplicate. Membrane proteins were extracted using a Mem-PER™ eukaryotic membrane protein extraction kit (Thermo Scientific). The fraction containing hydrophobic proteins was collected and the proteins were purified using detergent removal spin columns (Thermo Scientific). Proteins were extracted, reduced, alkylated and digested as previously described (Antonio et al., 2017) , and then analyzed using a nanoAcquity UPLC-XEVO QToF mass spectrometry system (Lima Leite et al., 2014) . Differences in expression between the groups were assessed using PLGS software and expressed as P<0.05 for down-regulated and (1-P)>0.05 for up-regulated proteins. Functional enrichment was analysed using ClueGo, a Cytoscape plugin. For each comparison, bioinformatics analysis was performed, as described previously (Orchard, 2012; BauerMehren, 2013; Millan, 2013; Lima Leite et al., 2014) .
RESULTS
Effect of Fluoride on Caco-2 Cell Monolayers
Caco-2 cells were cultured for 14-16 days on polycarbonate membranes to produce polarized monolayers, and transepithelial ion transport was measured using short circuit current ( mouse kidney cortical collecting duct epithelia (Antonio et al., 2017) . It is noteworthy that the Young's modulus of the Caco-2 cell monolayer is substantially greater than the 1 kPa obtained for M-1 cell monolayers, although it is similar to the value of about 25 kPa reported for MDCK cell monolayers (Schulze et al., 2017) .
Effect of Fluoride on Rat Colonic Epithelia
As mentioned above, Caco-2 cell monolayers are not an ideal model of a colonic epithelium.
Hence, we sought to determine the effect of fluoride on ex vivo colonic epithelia.
Representative cumulative concentration-response results for forskolin acting on a rat colonic epithelium are shown in Figure 4 (A). Initially, amiloride (10 -5 M) was added to the apical side of the epithelium to inhibit Na + entry through epithelial Na + channels (ENaCs). In fact, amiloride did not evoke a response (arrowhead), indicating that electrogenic Na at all time points than R t for control epithelia (P<0.0001).
Effect of Fluoride on Mouse Colonic Epithelia
As in the rat colonic epithelia, forskolin caused a concentration-dependent increase in I sc in were EC 50 =2.93 x 10 -7 M, Hill coefficient=12.08. After fluoride treatment, the maximum response to forskolin was reduced by 78% from 77 A/cm 2 to 17 A/cm 2 . As with rat epithelia, the effect of fluoride on forskolin-stimulated I sc was highly significant (two-way ANOVA; P<0.0001). The resistance of control mouse colonic epithelia was about 50 Ω cm hoc test; P≥0.05). In mouse epithelia treated with fluoride (n= 5), transepithelial resistance was lower than in control epithelia (n=2). R t for fluoride-treated epithelia was significantly lower at all time points than R t for control epithelia (P<0.0001).
Proteomic Analysis
Caco-2 cell monolayers were either untreated (control) or exposed to 5 mM fluoride for 24 h.
Comparative analysis showed 5 and 103 proteins up-and down-regulated, respectively, in the fluoride-treated group compared with control [ Table SI ]. The numbers of proteins exclusively expressed in the control and fluoride-treated groups were 229 [ Table SII] and 113 [Table   SIII ], respectively. GO analysis showed that proteins with altered expression were most commonly related to the "homophilic cell adhesion via plasma membrane adhesion molecules" term, with a 14% frequency. In addition, 8% of the proteins were related to "response to unfolded protein", while 7% were related to "pyridine-containing compound metabolic process". Exposure to fluoride changed the expression of various proteins related to cell motility and adhesion. The expression of proteins related to actin binding, such as various isoforms of alpha-actinin was increased, while the expression of various isoforms of tubulin and actin was decreased. In addition, some proteins related to cell-matrix and cell-cell adhesion were uniquely identified in the group exposed to fluoride, such as integrin beta-4 fragment (J3KSH9), while others were uniquely identified in the control group, such as vinculin (P18206) and multiple isoforms of protocadherin. Furthermore, exposure to fluoride reduced the expression of various proteins related to different steps of protein synthesis and folding, as depicted in the sub-network shown in Figure 6 , where many proteins with altered expression interacted with SNW domain-containing protein 1 (Q13573), which is involved in transcriptional regulation. Among the interacting proteins are 78 kDa glucose-regulated protein (GRP78; P11021) and elongation factor 1-alpha 1 (P68104), which were downregulated by fluoride, and 116 kDa U5 small nuclear ribonucleoprotein component (Q15029) and nuclear receptor corepressor 2 (Q9Y618), which were absent after exposure to fluoride.
Other proteins related to folding that were also reduced in sub-network are endoplasmin (P14625), down-regulated by fluoride and T-complex protein 1 subunit beta (P78371) absent upon exposure to fluoride.
DISCUSSION
We have investigated the effects of fluoride on three types of intestinal epithelium: Caco-2 cell monolayers, and rat and mouse colonic epithelia. We found that fluoride reduced forskolin-stimulated I sc and R t in all three epithelia. In Caco-2 cell monolayers, these functional effects of fluoride were accompanied by perturbations of the morphology of tight junctions between the cells, as revealed by both scanning electron microscopy and anti-ZO-1
immunofluorescence. In this context, our finding that the expression of alpha-actinin-4 (P O43707) was increased upon exposure to fluoride is interesting. This protein is involved in tight junction assembly in epithelial cells probably through interaction with MICALL2; specifically, it links MICALL2 to the actin cytoskeleton and recruits it to tight junctions (UNIPROT).
The Caco-2 adenocarcinoma cell line forms monolayers that are of similar morphology to native enterocytes (Hidalgo et al., 1989) , and polymerase chain reaction analysis has shown that transporter expression is similar to that in the small intestine (Maubon et al., 2007) . In our experiments, fluoride reduced forskolin-stimulated I sc and R t over identical concentration ranges (IC 50 , 3.1 mM). Hence, the Caco-2 cell monolayers are considerably less sensitive to fluoride than M-1 mouse kidney cortical collecting duct epithelia, in which both I sc and R t are reduced to zero at 1 mM fluoride (IC 50 , 300 M; Antonio et al., 2017) .
Although its molecular basis is unclear and the first insights into this aspect have only been recently reported (Melo et al., 2017) , this difference might reflect the fact that the intestinal epithelium is the first barrier encountered by ingested fluoride.
Interestingly, while we found that both I sc and R t in Caco-2 cell monolayers were reduced to zero at 5 mM fluoride, others have shown that cell viability is unaffected by fluoride at concentrations up to 5.2 mM (Rocha et al., 2013) . This discrepancy suggests that changes in transepithelial ion transport and resistance are particularly sensitive cytotoxic effects that are manifest before cell viability is compromised (Narai et al., 1997) . In support of this suggestion, Wang et al. (2001) found a diminished R t in endothelial cells exposed to 20 mM NaF after 10 min, despite cell viability assays indicating no cytotoxicity at 2 h. The fact that forskolin-stimulated I sc and R t were equally sensitive to fluoride suggest that the two effects have a common cause. The observed effects on tight junction morphology could account for the reduced R t , which in turn would reduce the electrogenic ion transport across the epithelium, thereby explaining the reduction in I sc .
Various intracellular targets of fluoride have been identified in previous studies. There have been several reports of effects on the cytoskeleton; for example, endothelial cells exposed to fluoride undergo contraction and increased intercellular separation (similar to the effect observed in the present study), which coincides with increased myosin light chain phosphorylation (Wang et al., 2001) . However, the fact that fluoride did not affect cell stiffness in our experiments would appear to rule out a significant effect on the cytoskeleton comparison would have to be based on the assumption that the epithelium would be directly exposed to the imbibed fluid. The fact that 5 mM fluoride had similar effects on rat and mouse colonic epithelia to those on Caco-2 cell monolayers suggests that the results obtained with the intestinal cell line are relevant to the behavior of intestinal epithelia in vivo. On the other hand, we need to recognize that our experiments involved only exposure to fluoride for a maximum of 72 h, raising the possibility that our results may not be directly applicable to the situation where people are exposed chronically to low-levels of fluoride in drinking water.
In conclusion, our results show that fluoride exposure induces changes in the structure, function and proteome of intestinal epithelia, but only at concentrations higher than those likely to be encountered under normal circumstances. Identified proteins are organized according to the PLGS score. Identification is based on protein ID from UniProt protein database (http://www.uniprot.org/). Identified proteins are organized according to the PLGS score. Identification is based on protein ID from UniProt protein database (http://www.uniprot.org/).
